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Introduction
Shiveluch volcanic massif is located at the junction of the KurileKamchatka and Aleutian island arcs (Fig. 1a) and is considered to be one of the largest and most active volcanoes on the Kamchatka Peninsula. The volcanic massif has a number of unique features, which attract attention of researchers. Shiveluch volcano has a volume of 1000 km 3 and has no analogs with respect to the amount of erupted andesites among all Quaternary volcanoes of Kamchatka (Melekestsev et al., 1991) . The Holocene activity of the volcano was related to the Young Shiveluch eruptive center and characterized by numerous Plinian eruptions alternating with lava domes growth. The volume of the erupted products and the frequency of eruptions make this volcano the most active explosive center in Kamchatka (Ponomareva et al., 2007) . Magnesian andesites are typical for this volcano and do not occur at other active volcanoes in Kamchatka (Volynets, 1994) . A combination of a peculiar geodynamic setting and the abundance of magnesian andesites with adakitic signature on the recent stage of the Shiveluch Volcano evolution gave rise to the hypothesis that the volcano is fed by melting products of the Pacific plate subducted beneath northern Kamchatka (Yogodzinksi et al., 2001; Churikova et al., 2001; Münker et al., 2001) . A further development of the hypothesis is presented by Ferlito (2011) who suggested that Shiveluch Volcano is probably located above two distinct slabs with different subduction angle and pressure/ temperature paths which are responsible for distinctive compositions of basaltic andesites erupted in the pre-caldera phase and the present-day magnesian andesites. Alternative hypotheses to explain the unusual composition of Shiveluch rocks include an extensive interaction of magmas with lower crust (Melekestsev et al., 1991) , a highly depleted mantle harzburgitic source (Volynets et al., 1999) , or low temperature melting conditions in the mantle wedge beneath Shiveluch, which favored production of high-Si parental melts under hydrous melting conditions and/or predominant melting of fertile lithologies (pyroxenites) in the mantle wedge under fluid flux from the subducting plate (Portnyagin et al., 2007; Portnyagin and Manea, 2008; Portnyagin et al., 2009; Nikulin et al., 2012) .
Shiveluch edifice (Fig. 1b) includes extinct Old Shiveluch volcano, which was partially destroyed by a large scale sector collapse, and the Young Shiveluch eruptive center, which has been active throughout the Holocene (Melekestsev et al., 1991) . Whereas data on the eruptive history, petrology and geochemistry of Young Shiveluch are relatively abundant (Volynets et al., 1997; Dirksen et al., 2006; Ponomareva et al., 2007; Portnyagin et al., 2007; Gorbach and Portnyagin, 2011 and references therein) , the history and composition of the Late Pleistocene Old Shiveluch volcano are known very fragmentary (Menyailov, 1955; Melekestsev et al., 1991; Volynets et al., 1999; Ferlito, 2011) .
In this paper we present the results of a systematic geological and geochemical investigation of Old Shiveluch volcano. This research is aimed at filling the gap in knowledge of the structure, eruptive history and whole-rock composition of the volcano and allows recognizing some compositional changes of the erupted Shiveluch magmas since the Late Pleistocene.
Shiveluch volcanic massif
The Shiveluch volcanic massif covers an area of more than 1000 km 2 in the northern part of the Central Kamchatka Depression (Fig. 1a) . The relationships of Shiveluch volcanics with glacial deposits suggest the onset of the Shiveluch volcanic activity at 60-70 ka BP (Melekestsev et al., 1991) . Shiveluch edifice comprises two main elements: Late Pleistocene Old Shiveluch and Holocene Young Shiveluch (Fig. 1b; Melekestsev et al., 1991) . Old Shiveluch is a 3283 m high cone, cut by deep glacial valleys. It hosts a number of flank lava domes of different age, such as Late Pleistocene Semkorok domes in the southeast foot, Nordic domes on the northern flank and the Holocene Karan domes on the western slope (Fig. 3) . The south-western sector of Old Shiveluch (also known as the Baidarny Spur, Fig. 1b ) is believed to comprise many monogenetic volcanic centers (Volynets et al., 1999) . The southern sector of the volcanic edifice was destroyed by a large-scale sector collapse which likely took place shortly before the Last Glacial Maximum (23-24 ka BP, Melekestsev et al., 1991) . Alternatively, Belousov et al. (1999) suggested a younger age of this event (~10 ka BP) based on the freshness of the Main Summit (3283 m.s.l, Fig. 3 ) upper lava flows. Based on field study and radiocarbon dating of debris avalanche deposits on the southern and south-eastern Shiveluch slopes, Pevzner et al. (2012) have suggested that the destruction of the southern sector of the Old Shiveluch could have occurred in at least three stages with the earliest of these events dated at 15.8-16 ka cal BP (Pevzner et al., 2012) . The Holocene eruptive center Young Shiveluch is located in the northwestern part of the collapse crater. Young Shiveluch had at least 60 large eruptions (> 0.5 km 3 ) in the Holocene, which resulted in the deposition of ignimbrite, ash fall and debris avalanche units and associated lahar deposits (Ponomareva et al., 2007) .
Previous works considering the Old Shiveluch geology (Menyailov, 1955; Lopatin et al., 1979; Ermakov, 1985; Melekestsev et al., 1991) note that the edifice is composed by thick package of pyroclastic deposits, which are covered by numerous andesite and basaltic andesite lava flows. Based on new field mapping (Figs. 2 and 3 ) and geochemical analyses, we attempted to shed further light on the structure and rock compositions of the initial phase of the Old Shiveluch volcanic activity and the overlying lava complex.
Geological structure of Old Shiveluch

Initial pyroclastic deposits
Thick pyroclastic deposits, which form the base of the Old Shiveluch edifice (Fig. 3) , are represented by weakly stratified agglomerate and psephitic tuffs (Fig. 4) . The bottom of these deposits is not exposed. The upper boundary (between the tuffs and lava complex) is clearly visible in all sectors except for the southern foot, covered by the Young Shiveluch pyroclastic deposits. In the eastern sector of the volcano, the lowermost lava flows cover pyroclastic deposits at elevations of 1750-2000 m (Fig. 4a) . In the western sector, the lava flows appear much lower at~1000 m. The thickness of the initial Old Shiveluch pyroclastic deposits reaches 1800-2000 m in the central part of the volcano, and declines downslope to 900-1000 m at a distance of 7 km from the summit and to 400-500 m at a distance of 10-12 km. According to our new mapping results, the initial pyroclastic deposits cover an area of about 220 km 2 and comprise at least 60% of the Old Shiveluch volcanic edifice. The initial pyroclastic deposits are represented predominantly by gravelly or agglomerate tuffs. These deposits usually contain 40-60 vol.% of pink or gray andesitic lithic clasts which vary in size from 20 cm to about 1-2 m (Fig. 4b) . The clasts and blocks are set in psephitic and coarse-grained weakly lithified matrix of similar composition. The deposits are mainly poorly sorted, but vertical grading of lithic fragments is sometimes observed. The textures and grain-size distribution suggest that the deposits represent block-and-ash flow tuffs alternating with fall deposits.
The upper part of the initial pyroclastic deposits is best exposed in the Main Summit cliff (Fig. 4a) . Here the section is dominated by lithoclastic psephitic andesitic tuffs with rare beds of basaltic andesite scoria (Fig. 4c) . In the south-eastern sector of Old Shiveluch, the upper part of the initial pyroclastic deposits hosts several lava flows (Fig. 4d ) of olivine-clinopyroxene-plagioclase basaltic andesites. These lavas cover the ridges between the valleys of the Dry Ilchinets and Topografichesky Creeks at the elevations of 1400-1600 m (Fig. 3) . The lava flow thickness varies from 3 to 7 m, and the length is up to 5 km. Further east in the upper stream of the Topographichesky Creek, the olivine-clinopyroxene-plagioclase lava flows are overlaid by the Main Summit lava series.
Old Shiveluch lava complex
The Old Shiveluch lava complex comprises thick andesite and basaltic andesite lava flows. The sources of the lavas were at least four discrete vents whose position has been reconstructed based on field relationships of lava flows (Fig. 5) . The Old Shiveluch Main Summit was constructed by a series of andesitic lava flows which are well exposed on the southern and eastern flanks (Fig. 6a) . A large lava thickness and monocline bedding are the structural features of this lava series. The lowermost lava flows cover pyroclastic deposits of the initial stage near horizontally at the elevations of 1740-2000 m. The flows have a near-uniform thickness which reaches 40-50 m, and are sometimes interbedded with breccia and lenses of pyroclastic material. The upper lava flows overlie steeply the lower ones (at an angle up to 40°for the apical flows) and have non-uniform thickness from 80 m in the vicinity of the Main Summit (Menyailov, 1955) to 20 m near the lava flow front. In the Old Shiveluch north-eastern sector, the upper lava flows are strongly eroded by modern glaciers. Ã 500 m deep crater with a diameter of 900-1000 m is located in the center of the summit ridge. The rocks surrounding the crater are strongly hydrothermally altered in a radius of 500 m from the crater rim. Periclinal lava bedding and signs of strong hydrothermal activity mark the position of the Central eruptive vent of the Old Shiveluch (Fig. 6b) . The position of the Central eruptive vent is also marked by subvolcanic body (or cryptodome) of spherical shape and diameter of about 200 m, which is located just below the Main Summit (Fig. 6b,c) . In the summit cliff, it can be seen that the intrusion destroyed the primary bedding of the earlier lava flows and pyroclastic material. The layers of the lava flows and pyroclastics are displaced and broken. The deformation of the lava and pyroclastic deposits can be traced vertically for more than 1000 m. The structure of the lava series in the western sector of the Old Shiveluch volcanic edifice is more complicated. Several eruptive vents were reconstructed there based on the lava flows dip and relationships in the preserved fragments (Figs. 5 and 7) .
Similar to the Main Summit sector, the early lava flows cover initial pyroclastic deposits near-horizontally. Fragments of these flows occur at the elevations of 1000-1200 m in the upper streams of the Right Karina and Mutny Creeks. The thickest andesite lava flows are exposed in the 1st Lednikovy Creek in the northwestern part of the volcano. The dip of the lava flows indicates that the andesitic lavas originate from the Old Shiveluch Central vent.
The Western vent (Fig. 7a) significantly eroded by glaciers and partly destroyed by the subsequent Young Shiveluch activity. A well preserved fragment of the section occurs at the elevations of 2000-2400 m and consists of lavas of pyroxene-plagioclase basaltic andesites and pyroxene-hornblende andesites with thin scoria and breccia interbeds. The lava flows of the Western vent are overlapped by the lavas of more southern Baidarny vent (Fig. 7b) . The pyroxene-plagioclase basaltic andesite lava flows from the Baidarny vent cover the south-western slope of the Old Shiveluch and have a length of 5-6 km and descend to elevations of 600-700 m. The Baidarny spur cliff exposes numerous dikes (Fig. 5) . The northeast striking dikes intruded the pyroclastic deposits of the initial stage and the lower part of the Old Shiveluch lava complex. At least eight up to 20 m thick and up to 3 km long major dikes (some with offshoots) were recognized during the field mapping.
The fourth and smallest, Southern vent of the Old Shiveluch is located about 2.5 km to the southwest from the Baidarny Peak at the intersect of two dikes (Fig. 7c) . It is a dome-shaped hill where several short lava flows of the total thickness up to 20 m are sourced. The Southern vent lavas overlap the Baidarny Peak lavas. This observation suggests the youngest age for the Southern vent of Old Shiveluch.
Petrography of Old Shiveluch rocks
All Old Shiveluch rocks are porphyritic and contain from 25 to 50% of phenocrysts by volume. Plagioclase phenocrysts are present in all rock varieties. The assemblage of mafic minerals is variable and allows distinguishing of five main types of rocks in the Old Shiveluch edifice: two-pyroxene ± hornblende (Px-Pl ± Hbl), pyroxene-hornblende-plagioclase (Px-Hbl-Pl), hornblende-plagioclase (Hbl-Pl) Lopatin et al. (1979) and Melekestsev et al. (1991) . The field of the Holocene proximal pyroclastic deposits is shown after Ponomareva et al. (2007) . The field of proluvial deposits, moraines and expected Old Shiveluch sector collapse deposits allocated based on the interpretation of aerial photographs. Old Shiveluch (1-6): 1 -initial agglomerate tuffs of Hbl-Pl and Hbl-Px-Pl andesites, 2 -initial Ol-Cpx-Pl basaltic andesites, 3 -lavas of Hbl-Pl and Hbl-Px-Pl andesites, rarely lavas Px-Pl ± Hbl basaltic andesites, 4 -lavas of Px-Pl basaltic andesites, 5 -extrusive lavas of Hbl-Pl ± Px andesites, 6 -expected deposits of Old Shiveluch sector collapse. Young Shiveluch and Karan domes (7-9): 7 -lavas of Ol-Cpx-Pl ± Hbl basaltic andesites and andesites, 8 -extrusive lavas of Hbl-Pl and Hbl-Px-Pl andesites, rarely Ol-Hbl ± Pl andesites, and 9 -proximal pyroclastic deposits. Other symbols (10-17): 10 -block of terrigenous rocks, 11 -dikes, 12 -moraines, 13 -proluvial and lahar deposits, 14 -modern glaciers, 15 -collapse crater rim, 16 -reconstructed Old Shiveluch vents (1 -Central, 2 -Western, 3 -Baidarny, 4 -Southern), 17 -crater of 1964 eruption, and 18 -boundary of 1964 eruption deposits.
andesites and olivine-clinopyroxene-plagioclase (Ol-Px-Pl) and pyroxene-plagioclase (Px-Pl) basaltic andesites.
Px-Pl ±Hbl, Px-Hbl-Pl and Hbl-Pl andesites compose initial pyroclastic deposits, lava flows of the Central and Western vents and Nordic and Semkorok satellite lava domes. The andesites have similar petrographical features regardless of their structural affinity to either the initial pyroclastic or lava units. The andesites are strongly porphyritic rocks (25-50% of phenocrysts) with predominant Pl (An 88-40 , 15-25%) and variable amounts of Cpx (2-7%), Opx (2-4%) and Hbl (0-12%). Fe-Ti oxide, apatite and sometimes crystobalite are present in the groundmass.
Small volume Ol-Cpx-Pl basaltic andesites appeared at the end of the initial pyroclastic phase of the Old Shiveluch activity. The rocks contain approximately equal amount of plagioclase (An 81-41, 12-15 vol.%) and Fe-Mg mineral phenocrysts: Cpx (7-10 vol.%), Ol (5-7 vol.%), and Opx (≥2 vol.%). The occurrence of two generations of olivine phenocrysts, Fo 90-92 and Fo 88-86 is a characteristic feature of these rocks. Some samples exhibit fluidal textures with similar orientation of large Pl phenocrysts and the presence of glass strips of color and optical properties different from the predominant groundmass glass. Some of these glass strips enclose large olivine and clinopyroxene phenocrysts. These petrographic features indicate increasing role of magma mixing toward the end of the initial pyroclastic phase of the Old Shiveluch activity.
The Px-Pl basaltic andesites associated with the Western, Baidarny and Southern eruptive centers are characterized by the sharp predominance of plagioclase phenocrysts (An 89-50, up to 20-30 vol.%). Clino-and orthopyroxene are present in subordinate amounts of 7-10 vol.% and 3-5 vol.%, respectively. Olivine ) is rare and usually surrounded by the reaction OPx-TiMt coronas. Relics of hornblende phenocrysts were also found. The groundmass is microlitic, intersertal or pilotaxitic and composed mainly by Pl and Px microlites, Fe-Ti oxides and volcanic glass.
Whole rock geochemistry
Sampling of the initial pyroclastic rocks was carried out in the western, northern and eastern sectors of the volcanic edifice at different elevations. The Old Shiveluch lava complex was sampled along the collapse crater rim and in the glacier craters in the upper streams of Mutny, Dry Ilchinets, 2nd Lednikovy and Topographichesky Creeks (Fig. 2) . Fifty nine representative samples (Table 1) were selected to characterize geochemically all petrographic rock varieties of Old Shiveluch. Major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P) and some trace elements (V, Cr, Co, Ni, Ga, Sr, Rb, Ba, Zr, Nb, Y, and Zn) were analyzed in the rock samples by XRF technique Helmholtz Centre for Ocean Research Kiel (GEOMAR) Kiel, Germany. H 2 O and CO 2 content were determined by infrared photometry. Details of the sample preparation and analytical techniques are given in Portnyagin et al. (2005) . The concentrations of major and selected trace elements in the Old Shiveluch rocks are reported in Table 2 .
The Old Shiveluch rocks vary in composition from basaltic andesites to andesites (SiO 2 =53.5-63.8 wt.%) and belong to typical middle-K island-arc calc-alkaline series characterized by low FeO*/MgO (1.0-1.7) and moderate K 2 O contents (0.87-1.67 wt.%) (e.g. Gill, 1981) , which overlap with the composition of the Holocene Young Shiveluch lavas and pyroclastics (Fig. 8 ).
Based on petrographic features and composition, the Old Shiveluch rocks can be subdivided into three main groups (Figs. 9, 10). The most voluminous group of rocks is comprised by Px-Hbl-Pl and Hbl-Pl magnesian andesites from the initial pyroclastic deposits, the Central and Western vent lava flows and the Nordic and Semkorok lava domes. The compositions of all rocks from Old Shiveluch fall along relatively narrow evolutional trends (Fig. 9) . The decrease in MgO is coupled with an increase in SiO 2 , Al 2 O 3 , K 2 O and Na 2 O for all types of the Old Shiveluch rocks. TiO 2 , FeO*, CaO and P 2 O 5 contents decrease slightly or remain nearly constant as MgO decreases from 7.5 to~5 wt.% and sharply decrease at lower MgO. Abundances of highly compatible trace elements (Cr and Ni) decrease sharply with decrease of MgO (Fig. 10) . The behavior of V and Co is similar to that of FeO* and TiO 2 and likely controlled by the appearance of Fe-Ti oxides on the magma liquidus. Incompatible trace element concentrations (e.g. Ba, Rb and Zr) tend to increase with decreasing MgO and increasing SiO 2 (Fig. 10) . Ba and Zr contents are however somewhat scattered in the high-Mg and high-Al basaltic andesites that may suggest some compositional heterogeneity of parental magmas for these rocks.
It is noticeable that the most evolved and most primitive rocks from Old and Young Shiveluch, except for the Holocene high-K primitive basalts, have similar compositions. The evolutional trends of the rocks are however different for Old and Young Shiveluch. Whereas Old Shiveluch trends are strongly non-linear and likely reflect a sequential appearance of different mineral phases on the liquidus of fractionating magma, the trends of Young Shiveluch rocks, on the contrary, tend to be linear for most major and compatible (Ni, Cr) trace elements plotted versus MgO or SiO 2 . In result, most of the Old Shiveluch rocks have lower Mg# (=100 Mg/(Mg + Fe*)), Cr, Ni, and Ca, and higher FeO* and TiO 2 compared with the Young Shiveluch rocks (Fig. 8c) at a given SiO 2 content.
Most of Old Shiveluch rocks have concentrations of Al 2 O 3 , TiO 2 and FeO* lower and Na 2 O higher than the Kliuchevskoi-Bezymianny rock series (Fig. 9) . All Shiveluch rocks are significantly enriched in Sr and most of them depleted in Y compared with Kliuchevskoi and Bezymianny volcano rocks at similar MgO and SiO 2. These new data implies different composition of parental magmas for KliuchevskoiBezymianny and Shiveluch rock series as has been suggested previously from the systematics of the most primitive rocks with Mg# > 0.6 along the Central Kamchatka Depression (e.g., Portnyagin et al., 2007) .
Discussion
Early Old Shiveluch eruptive activity
Initial Old Shiveluch pyroclastic deposits have lithological features similar to those of the Young Shiveluch pyroclastic succession in the southern sector of the volcanic massif. The Holocene proximal deposits are represented by ash falls, pumice and block-and-ash pyroclastic density current deposits, debris avalanche and lahar deposits (Ponomareva et al., 2007) . The composition, grain size distribution and stratification in the coarse agglomerate tuffs of Old Shiveluch are close to the characteristics of the modern block-and-ash pyroclastic flow deposits, agglomerate mantles of the lava domes and coarse tephra. The earlier and modern pyroclastic deposits have a similarly large area of distribution and near-horizontal bedding (Fig. 3) .
The modern pyroclastic deposits are associated with the Young Shiveluch explosive activity, and growth, destruction and re-deposition of lava dome material. The lithological similarity of the Old Shiveluch (Volynets et al., 1997; Ponomareva et al., 2007; Gorbach and Portnyagin, 2011) , and A-and P-type primitive high-magnesian andesites (Yogodzinski et al., 1994 (Yogodzinski et al., , 1995 Variations of major element oxides in the Old Shiveluch rocks. Shadowed fields denote the composition of Klichevskoi (light gray field) and Bezymianny (dark gray field) volcano rocks (Portnyagin et al., 2007; Almeev et al., 2013) and illustrate expected trend of fractional crystallization of parental high-Mg basaltic magma at middle to upper crustal conditions. Linear trend of the Young Shiveluch rocks is readily explained by mixing of evolved and primitive magmas.
pyroclastic deposits and the modern deposits suggests that volcanic eruptions on the initial phase of the Old Shiveluch activity were similar to the Holocene activity and had extrusive-explosive style. It is thus plausible that emplacement of numerous lava domes was accompanied by strong explosive activity during the initial activity of Old Shiveluch. Nordic and Semkorok domes may be representative of the early extrusive bodies. However, the maximum thickness of the initial deposits is The fields denote the composition of Klyuchevskoy (light gray field) and Bezymianny (dark gray field) volcano rocks (Portnyagin et al., 2007; Almeev et al., 2013) . Note the significantly higher Sr and lower Y content in both Old and Young Shiveluch magmas compared to Kliuchevskoi and Bezymianny that implies different compositions of parental magmas.
of the Main Summit. The dip of the stratified pyroclastic units is also predominantly directed away from the central sector. Therefore, the formation of the initial pyroclastic deposits had been most likely associated with a single eruptive center, similar to Young Shiveluch, but surpassing it significantly in size. The apparent thickness of the initial pyroclastic deposits in the Old Shiveluch central sector greatly exceeds the thickness of the Holocene proximal pyroclastic deposits. The thickness of the Young and Old Shiveluch pyroclastic deposits is, however, similar at a distance of 7-12 km from the source and makes up a few hundred meters. The sharp increase of the initial pyroclastic deposits thickness in the Old Shiveluch central sector also is analogous to that in recent deposits. The rate of the debris and ash accumulation in the Young Shiveluch crater area is extremely high. For example, according to the field observations from December 2006 to September 2007, the material of hot avalanches and ash completely filled out the entire south-eastern sector of the modern crater, which was >150 m deep prior to the eruption. The intra-crater modern deposits, which form the agglomerate mantle of the growing dome, exhibit a rough stratification of poorly sorted debris, associated with hot avalanches and interbedded with coarse-grained ash layers. Thus, the coarse stratified deposits of the agglomerate mantles may have also been a part of the initial pyroclastic deposits and significantly increased its thickness in the central part of the volcano.
Eruption sequence and volume proportions of the Old Shiveluch lavas
The relations between lava flows of the Old Shiveluch lava complex indicate that they erupted from discrete vents which were different in terms of the erupted lava volume. The Old Shiveluch volcanic edifice is strongly destroyed (Fig. 11b) , especially in the western sector. It is, therefore, very difficult to estimate precisely the volume proportions of lavas erupted from different vents. Nevertheless, taking into account the apparent thickness of the preserved lava sections, the most voluminous eruptions were likely associated with the Central and Western vents. The thickness of lavas related to these vents reaches more than 1000 m in a radius of~2 km from the Main Summit. Lavas of Px-Pl basaltic andesites and Px-Hbl-Pl andesites related to the Western vent are enclosed between typical andesitic lava flows of the Central vent (Fig. 11c) , that suggests a simultaneous activity of the Central and Western vents. The Baidarny and Southern vents which produced exclusively Px-Pl basaltic andesites were formed later. The lavas of the Baidarny vent overlap those produced by the Western vent and underlie the Southern vent lavas (Fig. 11c) . This implies that eruptive center of the Old Shiveluch migrated in the south-western direction over time. Based on the stratigraphic relationships of the lavas, the Southern vent is considered to be the youngest in the western sector of the Old Shiveluch volcanic edifice. The total thickness of lavas erupted from the Baidarny and Southern vents does not exceed 200 m, although the Px-Pl basaltic andesites lavas occupy somewhat larger area in comparison with the andesites from the Central and Western vents. Thus apparent volume ratio of the Old Shiveluch andesitic and basaltic andesitic lavas is close to 1:0.75. Given the strong predominance of andesites during the initial pyroclastic stage, the volume ratio of andesites and basaltic andesites in the Old Shiveluch edifice can be estimated to be 4:1.
The position of dikes in the Old Shiveluch edifice and prerequisites of the sector collapse
It is known that radial dikes intrude into volcanic edifice due to pressure excess in magma chamber (Nakamura, 1977) . Grouping of dikes in certain directions is less dependent on the magma chamber overpressure and is controlled by regional tectonic stresses (Nakamura, 1977; Acocella and Neri, 2009 ). The size and configuration of volcanic edifice and magma reservoir, and the edifice load also may have effect on the direction of the dike emplacement (e.g., Pinel and Jaupart, 2003; Simakin and Chassemi, 2009) . Fig. 5 illustrates the distribution of dikes within the Old Shiveluch volcanic massif. Two directions predominate in the dike trending: northeastern (40-50°) and west-northwestern (290-310°). NE-trending dikes are exposed in the Baidarny Spur cliff. To the north of Baidarny Peak, a few dikes change direction to a well-defined radial character. WNW-trending dikes are younger and localized on the saddle between Young and Old Shiveluch and are traced in NW volcanic sector. We can assume that emplacement of the dikes deflected from the radial direction was confined to the NE and WNW-weakened zones ( volcanic massif indicate that the collapse of the southern sector of Old Shiveluch could be pre-conditioned by the regional tectonic structure.
The origin of temporal compositional variability of Shiveluch magmas
The most evolved Holocene (Young Shiveluch) and Late Pleistocene (Old Shiveluch) rocks (SiO 2 ≥ 60 wt.% and MgO ≤ 4 wt.%) have similar compositions. The compositions of more primitive rocks are different. In particular, most of the Old Shiveluch rocks have lower Mg#, MgO, Cr, Ni, and CaO, and higher Al 2 O 3 , FeO* and TiO 2 compared with Young Shiveluch rocks (Fig. 8c) at a given SiO 2 . The trends of Old Shiveluch rocks are strongly non-linear with clearly pronounced turning points. The trends of Young Shiveluch rocks, on the contrary, tend to be linear for most major and compatible trace elements plotted versus MgO or SiO 2 .
One possible explanation for the compositional difference between Old and Young Shiveluch rocks could be different composition of parental magmas and their sources. In particular, Ferlito (2011) proposed that Baidarny Spur high-Al 2 O 3 basaltic andesites, somewhat similar to the products of Kliuchevskoi and other volcanoes in Kamchatka, can be associated with partial melting of the mantle wedge hydrated by the subducting slab. The Young Shiveluch andesites, with high Mg#, Cr and Ni signature, were interpreted to be primary slab melts which have assimilated peridotite in the overlying mantle wedge.
Old Shiveluch rocks and particularly basaltic andesites of Baidarny Spur have relatively low Mg# (b 0.65) to be derived from the mantle wedge (Mg# > 0.70 in order to be in equilibrium with mantle olivine of Fo > 90). Thus, the magmas experienced significant crystal fractionation before eruption. High-Mg basaltic andesites and andesites of Young Shiveluch also have too low Mg# compared to near primary magnesian andesites with Mg#> 0.7, for example, those from the Komandorsky Block (A-type andesites, Yogodzinski et al., 1995) or from Piip Volcano (P-type andesites, Yogodzinski et al., 1994) in the Far-Western Aleutian Arc (Fig. 8с) . Therefore high-Mg andesites of Young Shiveluch also are products of significant fractionation of primary magmas prior to eruption and cannot be interpreted as primary andesitic liquids. A careful petrological analysis is required to verify the interpretation of the compositional difference between Old and Young Shiveluch magmas as reflecting the difference in their magma sources. Indeed, Portnyagin et al. (2007) in their comprehensive study of primitive rocks of CKD found no apparent bimodality in the compositions of potential parental magmas of Shiveluch Volcano. An alternative hypothesis must be therefore tested that the substantial range of SiO 2 content at moderately high Mg# in Shiveluch magmas can be produced by fractionation of a single parental melt in the crust.
In order to assess the possible effects of crystallization on major element composition of Shiveluch magmas, we performed a numeric modeling of fractional crystallization of a potential primary Shiveluch magma. As a starting composition we chose the most primitive middle-K basaltic tephra (sample 90/122-2; Volynets et al. (1997) ) erupted 7600 14 C years ago. This sample has MgO~13 wt.%, Mg# = 0.73, liquidus olivine with Fo-number of 92.3 mol% and can well represent the composition of nearly unmodified mantle derived melt. Fractional crystallization of this basalt was simulated for initial H 2 O content 3 wt.% (Portnyagin et al., 2007) , oxygen fugacity of ΔQFM = + 2 (Gorbach and Portnyagin, 2011) and pressures of 0.1, 0.5 and 1 GPa, corresponding to upper, middle and lower crust beneath the Central Kamchatka Depression (e.g., Levin et al., 2002) . The simulation of fractional crystallization was performed in Petrolog ver. 3.1.1.3 software (Danyushevsky and Plechov, 2011 ) by using models of Danyushevsky (2001) for determination of the liquidus temperatures and compositions of olivine, clinopyroxene and plagioclase, model of Ariskin and Barmina (1999) for Fe-oxides, and model of Kress and Carmichael (1988) The results of our simulations are illustrated in Fig. 12 . These data show that the compositions of high-Al basaltic andesites of Old Shiveluch can represent products of~40% fractional crystallization of olivine, clinopyroxene and magnetite from primitive basaltic magma at~0.5 GPa. Fractionation of plagioclase is not required to explain the origin of these rocks, and their abundant plagioclase phenocrysts could crystallize from the magmas at lower pressures but not removed from the magma until eruption. More evolved Old Shiveluch magmas overlapping with the compositions of Young Shiveluch andesites deviate to low pressure cotectics and can represent products of extensive (> 60%) fractional crystallization of primary basalt at pressures of~0.1 GPa corresponding to shallow crustal depths (~3 km) in a good agreement with previous estimates for Young Shiveluch andesites (e.g., Dirksen et al., 2006; Humphreys et al., 2006; Gorbach and Portnyagin, 2011) .
Young Shiveluch
Old Shiveluch Fig. 9 caption. The composition of the majority of Old Shiveluch basaltic andesites and andesites as well as the composition of the most SiO 2 -rich Young Shiveluch andesites can be explained by fractional crystallization of basaltic primary melt at middle to shallow crustal conditions (pressure less thañ 0.5 GPa). The composition of high-Mg# basaltic andesites cannot be explained by fractional crystallization of parental basaltic magma. It is suggested in this work and by Gorbach and Portnyagin (2011) , who describe andesites of Young Shiveluch in great details, that the linear trends of Young Shiveluch rocks are best explained by mixing between primitive basaltic magmas with MgO = 8-12 wt.% and evolved andesites with MgO b 2 wt.%. Primary high-Mg# andesitic melt is not required to explain the petrographic and geochemical features of Young Shiveluch rocks.
High-Mg basaltic andesites of Young Shiveluch cannot be obtained by fractional crystallization of the basaltic parent at any pressure and deviate from the cotectic compositions to higher SiO 2 and lower Al 2 O 3 at given MgO content. Because there is no direct evidence for the existence of primary andesitic magmas beneath Shiveluch (Fig. 8c) , the linear trends of major elements can be well explained by mixing of primitive basalts with MgO=8-12 wt.% and SiO 2 =50-53 wt.% and evolved andesites or andesites with MgOb 2 wt.% and SiO 2 >62 wt.%. (Fig. 12) . Unequivocal field, petrographic and geochemical evidence for hybridism of primitive and evolved magmas in the plumbing system of Young Shiveluch has been shown by Gorbach and Portnyagin (2011) . The evidence of the magma mixing was also documented in lava of 2001-2004 eruption Dirksen et al., 2006; Gorbach, 2006) , in some pumice of 1964 eruptions (Ivanov, 2008) and in more ancient pumices of Young Shiveluch (Volynets, 1979) . Magma mixing could also contribute to the compositional diversity of the Old Shiveluch rocks, in particular to create the scatter of MgO, Al 2 O 3 , TiO 2 , K 2 O, Cr, and Ni at a given SiO 2 in the group of high-Mg basaltic andesites erupted at the end of the initial stage. Magma hybridism was however a subordinate process compared to fractional crystallization to generate the magma series of Old Shiveluch.
A major change in the composition of Shiveluch magmas was thus increasing amount of magnesian basaltic andesites and andesites on the Holocene stage of the volcano evolution. Whereas the majority of Old Shiveluch magma compositions can be explained by fractional crystallization of basaltic parental magma at middle to shallow crustal depths, magnesian basaltic andesites and andesites of Young Shiveluch originate predominantly by mixing of primitive basaltic and evolved andesitic to dacitic magmas.
The potential effect of sector collapse оn Shiveluch magmatic evolution
Many volcanoes worldwide show a clear response of volcanic activity and magma plumbing system to sector collapse events. Eruptions of Bezymianny in 1956 and Mount St. Helens in 1980 are probably the best examples that a sharp release of lithostatic pressure due to edifice collapse can provoke a violent explosive eruption. A large scale collapse with a volume of tens km 3 force magmatic plumbing system to adjust to new conditions and can lead to significant changes in the magma transport dynamics and the ways of magma differentiation (e.g., Pinel and Jaupart, 2000 , 2003 . Eruptive history and geochemical evolution of many volcanoes recorded an apparent change of lava composition after large scale sector collapses which caused changes of magma recharge rates, degree of fractionation and intensified magma mixing processes (Amelung and Day, 2002; Manconi et al., 2009 ). These effects are most clearly expressed on ocean-island volcanoes (e.g., Manconi et al., 2009; Longpre et al., 2009 and references therein) , where the decompression following surface unloading due to giant collapses could extend even to the mantle level (Presley et al., 1997) . Several arc stratovolcanoes (e.g., Stromboli, Italy; Parinacota, Chili) also exhibited change in dynamics of volcanic activity that involved changes in magma chamber processes (Tibaldi, 2004; Ginibre and Wörner, 2007) . Our data show that the composition of erupted magmas changed significantly after the large scale collapse which destroyed the Old Shiveluch edifice in the Late Pleistocene. The study of melt inclusions in Shiveluch tephra erupted from~16 to 11 ka BP also shows significant variations of the melt composition, allowing to make an assumption about the adjustment of Shiveluch magma plumbing system (Pevzner et al., 2012) . The causal link between the sector collapse and the change of magma compositions and relative timing of these processes remain, however, uncertain because the age, scale and mechanism of the sector collapse are still subject to debate. The volume estimates of the destructed and displaced material due to the Shiveluch sector collapse range from 30 to 100 km 3 (Melekestsev et al., 1991; Ponomareva et al., 2006; Pevzner et al., 2012) . The data about the age of this event also are controversial. According to earlier work, the collapse occurred before the Last Glacial Maximum (23-24 ka BP, Melekestsev et al., 1991) , and in this case the decompression after surface unloading could be compensated by the following ice load. Other authors suggested that the collapse occurred after the last glaciation (10 ka, Belousov et al., 1999) or during the glaciation (15-16 ka, Pevzner et al., 2012) . Thus, in order to discuss the influence of the collapse and deglaciation events on the Shiveluch magmatic evolution, more precise data are required on how these processes were correlated in time.
Nevertheless, despite the lack of consensus on the scale and the age of the Old Shiveluch sector collapse, this event is the largest known in Kamchatka (Melekestsev et al., 1991; Ponomareva et al., 2006) even if one assumes the minimum volume estimate. The increased role of magma mixing in the origin of the Young Shiveluch magmas may reflect important changes in the magma plumbing system beneath Shiveluch following the sector collapse. It cannot be excluded that a deep-rooted Old Shiveluch magma plumbing system has been adjusted and then diminished and/or destroyed after the sector collapse. The Holocene magma feeding system appears to have restricted to a smaller and more evolved magma chamber allowing direct mixing of evolved andesitic and primitive basaltic magmas from depth on the Holocene stage of the volcano evolution.
Conclusions
Late Pleistocene Old Shiveluch volcano was constructed during two major stages: initial pyroclastic stage and subsequent effusive stage. The initial agglomerate and psephytic pyroclastic deposits form at least 60% of the Old Shiveluch volcanic edifice. Similar lithology and spatial distribution of the initial Old Shiveluch and Young Shiveluch pyroclastic deposits suggest their similar eruptive styles although the Late Pleistocene eruptions likely had much larger scale.
The Old Shiveluch lava complex was formed by lavas from four major vents. The position of the vents was reconstructed along the rim of the collapse crater. The most voluminous andesitic eruptions were associated with the Central and Western vents, which are located in the central part of the volcanic edifice and erupted simultaneously. The Baidarny and Southern vents have younger age, were located to the south from the summit area and erupted basaltic andesite lavas. The eruptive vents and dike swarms are spatially restricted to the destroyed southern sector of the volcanic edifice that suggests that the direction of the Old Shiveluch sector collapse was determined by the pre-existing stress field.
The change of the eruptive style from the initial extrusive-explosive to effusive eruptions was not accompanied by a significant change in the rock composition. Both pyroclastic and effusive Old Shiveluch stages are characterized by the predominance of magnesian andesites. During the initial phase, the magnesian andesites were associated with a small volume of high-Mg basaltic andesites. During the effusive stage, magnesian andesites erupted coevally with high-Al basaltic andesites. The volume ratio of all andesites and basaltic andesites in the Old Shiveluch edifice is estimated to be 4:1.
The Old Shiveluch rocks are compositionally distinct from the present-day Young Shiveluch andesites by having lower Mg#, MgO, Cr and Ni, and higher FeO T and V contents at given SiO 2 and can originate by fractional crystallization of primary basaltic magma with subordinate role of mixing of primitive and evolved magmas. The latter process becomes to be a major petrogenetic process for Young Shiveluch volcano. The changes in the magma differentiation process since the Late Pleistocene could be related to the reorganization of the multi-level magma plumbing system beneath Old Shiveluch, which adjusted to a major sector collapse and evolved to a more simple shallow plumbing system beneath Young Shiveluch.
